INTRODUCTION
The turnover of mRNA provides a mechanism for readjusting gene expression+ In bacterial prokaryotes, the average mRNA half-life ranges from seconds to minutes (Nilsson et al+, 1984; Coburn & Mackie, 1999; Grunberg-Manago, 1999 ) though mRNAs of greater stability also exist (Arnold et al+, 1998; Hambraeus et al+, 2000) + In eukaryotes, average mRNA half-lives are longer, varying from tens of minutes in yeast to hours in mammalian cells (Singer & Penman, 1973; Warner & Gorenstein, 1978; Wang et al+, 2002 )+ These differences in mRNA stabilities are a reflection of sequence-dependent structure and the dissimilar occurrence of enzymes for mRNA degradation that are abundant in bacteria and rare in eukaryotes+ In bacteria, gene expression strategies are dominated by mechanisms acting at the level of transcription initiation+ In eukaryotes, posttranscriptional mechanisms are more widespread+
The decay of mRNA in Escherichia coli is initiated by endonucleolytic cleavage followed by processive digestion in a 39 to 59 direction+ Only a subset of the many RNases identified in E. coli catalyze mRNA degradation+ The endoribonucleases include RNAses E, G, and III, whereas the exoribonucleases include RNase II, polynucleotide phosphorylase (PNPase), and oligoribonuclease (OligoRNase; reviewed in Steege, 2000) + RNase E, PNPase, and an RNA helicase (RhlB) are associated in a multiprotein complex called the degradosome (Blum et al+, 1997; Vanzo et al+, 1998 )+ Though no 59-39 exonuclease has been detected, the net degradation of mRNA in bacteria occurs in this direction+ Short polyadenylate tails are present in certain bacterial mRNAs (reviewed in Sarkar, 1997 ) that decrease mRNA stability, the opposite of what occurs in eukaryotes (Xu et al+, 1993; O'Hara et al+, 1995) + Eukaryotic mRNAs possess two unique posttranscriptional modifications, the 59 methylated guanosine cap and a long 39 polyadenylate tail that provide barriers to mRNA degradation (reviewed in Ross, 1995; Tharun & Parker, 1997; Mitchell & Tollervey, 2000) + Eukaryotic enzymes responsible for stable RNA processing and degradation as well as some mRNA turnover are localized within a multisubunit complex termed the exosome+ However, the major mRNA decay pathway and corresponding activities are not exosome associated, and in Saccharomyces cerevisiae, consist of deadenylation (PAN) followed by decapping (DCP1) and subsequent 59-39 exonucleolytic (XRN1) degradation+ The 39 untranslated regions can encode cis-acting sequences that control transcript half-life+ These have the ability to form secondary structures and alter mRNA stability through effects on translation (Shyu et al+, 1991; Xu et al+, 1997) or by recruiting factors whose binding increases transcript half-life (Seiser et al+, 1995) + Archaea constitute the other major group of prokaryotes (Woese & Fox, 1977 )+ They are subdivided into two groups, the crenarchaea, comprising mostly hyperthermophilic organism, and the euryarchaea, which includes a range of biotypes including methanogens and halophiles+ The lack of transcription inhibitors has limited efforts to examine mRNA stability in archaea+ Though rifampicin has been used extensively in bacteria for mRNA stability measurements, the archaeal RNA polymerase is insensitive to this compound (Zillig et al+, 1979 )+ Like bacteria, archaeal mRNAs are not capped, and at least some mRNAs undergo limited polyadenylation (Brown & Reeve, 1985 , 1986 Volkl et al+, 1996) + Measurements of mRNA stability are available only for Methanococcus vannielii, a mesophilic (growth at ambient temperatures) euryarchaeote, and ranged from 7 to 57 min (Hennigan & Reeve, 1994 )+ Inhibition of RNA synthesis, however, depended on the use of energy (hydrogen) deprivation and Methyl Co-M Reductase inhibition rather than specific transcription inhibitors+ The structure and function of several archaeal RNAses that are involved in stable RNA processing and maturation have been reported+ Examples include RNAse P (Pannucci et al+, 1999) , rRNA processing endonucleases (Russell et al+, 1999) , a tRNA splicing endonuclease (Lykke-Andersen & Garret, 1997; Li et al+, 1998) , and RNAse H (Muroya et al+, 2001)+ The genes for some of these proteins and others containing RNAse-related domains are physically grouped and are distributed in this manner throughout the archaeal lineage (Koonin et al+, 2001 )+ This observation has been interpreted to mean that archaea have a eukaryoticlike exosome for RNA degradation+
In addition to enzymatic degradation, RNA also undergoes spontaneous hydrolysis at high temperature and moderately alkaline pH (Lindahl, 1967 )+ This intrinsic instability may be of biological relevance to hyperthermophilic organisms, including both bacteria and archaea, where elevated growth temperatures create the potential for RNA hydrolysis+ For example, in vitro transcription studies using a hyperthermophilic archaeal system demonstrated a role for additional factors mediating mRNA hydrolysis including magnesium and potassium (Hethke et al+, 1999)+ In the work presented here, a method for the specific in vivo inhibition of RNA synthesis was developed for use on the hyperthermophile, Sulfolobus solfataricus, which is a member of the crenarchaeal subdivision of the archaea+ A survey of mRNA stabilities of selected genes was then conducted, providing the first general estimate of mRNA turnover in this type of organism+
RESULTS

Identification of transcription inhibitors
Studies on the role of archaeal mRNA decay were enabled using a specific in vivo method for the elimination of transcription+ Inhibitors of promoter-dependent archaeal transcription have not been reported; therefore, promoter of the lacS gene, lacSp (Haseltine et al+, 1999a ) was selected as a template for use in the identification of relevant compounds (Fig+ 1A)+ lacSp consists of the consensus archaeal TATA box hexamer (CTTAAA) located 24 nt 59 to the transcription start site of the lacS gene, where translation occurs at the coincident base (Haseltine et al+, 1999a)+ Transcription of lacSp used a previously developed crude in vitro transcription system employing primer extension to assess transcript abundance and transcription start site specificity (Hudepohl et al+, 1990 )+ This system produced only limited levels of transcript from lacSp (Fig+ 1B, lane 1); however, the combination of three changes significantly improved lacSp transcription (Fig+ 1B, lanes 2-4)+ Changes included a reduction in the pH of E. Bini et al.
the transcription reaction (pH 8+0 to pH 6+0), an increase in the temperature of incubation (60 8C to 75 8C), and the use of whole-cell transcription extracts prepared from cells in balanced growth rather than in stationary phase+ These modifications were employed in subsequent in vitro transcription assays for the identification of transcription inhibitors+ The modified in vitro transcription system was used to test the ability of eukaryotic and bacterial RNA synthesis inhibitors to block transcription of lacSp in vitro+ Chromomycin, actinomycin D, distamycin, 1-10 phenanthroline, mithramycin, and daunorubicin completely inhibited transcription of lacSp (Fig+ 2A)+ Novobiocin and the bacterial transcription inhibitor, rifampicin, had no effect on synthesis of lacS RNA in vitro+ Of the compounds that were effective at blocking transcription in vitro, actinomycin D was the most potent, because it was effective at the lowest molarity+ The in vivo application of any of the transcription inhibitors for the determination of mRNA half-lives necessitated that they survive the extreme growth conditions of S. solfataricus, notably high temperature (80 8C) and low pH (3+0)+ Consequently, the inhibitors were tested for thermal and acid stability+ Those inhibitors shown to be effective at blocking lacSp transcription in vitro were subjected to pretreatment for 15 min and 180 min at 80 8C at a pH of 3+0+ Pretreated samples were then tested by addition to lacSp-dependent in vitro transcription reactions+ All the inhibitors tested retained inhibitory activity following the preincubation procedure (Fig+ 2B)+
Inhibition of RNA synthesis in vivo
Incorporation of radiolabeled uracil or uridine into TCAprecipitable material is a general method used to determine the in vivo rate of total RNA synthesis (Pato et al+, 1973)+ Preliminary experiments using tritiated uridine showed that S. solfataricus does not incorporate uridine to significant levels during growth in a sucrose minimal medium+ In contrast, radiolabeled uracil was incorporated efficiently at a rate of 1+5 ϫ 10 3 cpm/ min, which is equivalent to 0+1 pmol/min/2+7 ϫ 10 6 cells+ To measure the effectiveness of actinomycin D exposure on radiolabeled uracil incorporation, the inhibitor was tested at several concentrations (Fig+ 3)+ The highest concentration (10 mg/mL) completely blocked uracil incorporation within 10 min after addition+ The lower concentration of actinomycin D (5 mg/ mL) reduced the rate of uracil incorporation to 50% of that of untreated cells+ Parallel observations on cell growth and appearance were performed to assess the physiological consequences of inhibitor exposure (Fig+ 3, inset)+ No changes in growth rate were observed for 2 h after addition of actinomycin D (10 mg/mL); however, growth ceased following this period+ No changes in cell morphology were observed within the initial 2-h treatment period+ At times thereafter, morphological changes became apparent, including cell swelling and loss of phase contrast+ As such changes resemble those FIGURE 2. Transcription inhibitor screens+ A: In vitro sensitivity of lacSp transcription+ The lane number, inhibitor type, and amount were: 1: no inhibitor; 2: 200 mg/mL (0+17 mM) chromomycin; 3: 20 mg/mL (0+16 mM) actinomycin D; 4: 100 mg/mL (0+19 mM) distamycin; 5: 2 mg/mL (10 mM) 1-10 phenanthrolin; 6: 1 mg/mL (1+2 mM) rifampicin; 7: 200 mg/mL (0+18 mM) mithramycin; 8: 200 mg/mL (0+35 mM) daunorubicin; 9: 200 mg/mL (0+31 mM) novobiocin+ B: Stability of transcription inhibitors+ Inhibitors were preincubated at 80 8C and pH 3 for the times indicated and then tested in vitro+ Samples in lanes 2, 4, 6, 8, 10, and 12 employed 15 min of pretreatment; samples in lanes 3, 5, 7, 9, 11, and 13 employed 180 min of pretreatment+ Inhibitors were: no inhibitor (lane 1), daunorubicin (lanes 2 and 3), mithromycin (lanes 4 and 5), 1-10 phenanthroline (lanes 6 and 7), distamycin (lanes 8 and 9), actinomycin D (lanes 10 and 11), and chromomycin (lanes 12 and 13)+ of cells experiencing unbalanced growth, mRNA decay measurements were confined to the initial 2-h treatment period+
Half-lives of archaeal mRNAs
To obtain a general assessment of the half-lives of mRNAs from this organism, a survey of mRNA decay rates was conducted+ Transcripts were selected that encoded proteins representing a wide range of cellular functions, including transcription, polysaccharide hydrolysis, amino acid biosynthesis, oxidative stress, and glycolysis+ These included both paralogs of the TFIIB eukaryal basal transcription factor, TFB1 (Stathopoulos et al+, 2001 )+ An additional consequence of greater mRNA stability on gene expression in S. solfataricus is the increased importance of dilution of undegraded mRNA by cell division as a means of readjusting transcript abundance+ Because the minimum generation time is 4-6 h, the period of readjustment necessary to reduce the concentration of the more stable mRNAs would be prolonged+ Mechanisms to regulate translation would then become necessary to accomplish reduced gene product abundance+ If translational control exists, however, it must accommodate the frequent lack of untranslated leader RNAs that results in a coincidence of start sites for transcription and translation (Tolstrup et al+, 2000) + Prolonged mRNA stability may also be of importance in the regulation of the Sulfolobus cell cycle (Hjort & Bernander, 2001 )+
A range of mRNAs was tested in this study, including members from several areas of cell biology+ These included representatives of several paralogous groups of genes+ Surprisingly, the stabilities of the mRNAs of the two transcription factor TFIIB paralogs were quite dissimilar+ The half-life of the transcript for tfb1 was in excess of 2 h whereas that of tfb2 was 18 min+ TFB associates with the TATA binding protein, TBP, at the archaeal promoter (TATA box) and subsequently recruits RNA polymerase to the DNA (Bell et al+, 1999; Bartlett et al+, 2000)+ Because tfb2 mRNA is relatively unstable, conditions that perturb tfb2 mRNA synthesis could lead to differences in its abundance+ If the levels of TFB2 parallel this pattern, conditions could exist where the relative abundance of the two TFBs vary, resulting in differences in the expression of genes dependent on them for transcription+ This possibility is under investigation+ S. solfataricus encodes three paralogs of glutamine synthetase termed gln1, gln2, and gln3, which are encoded by ORFs SSO336, SSO2440, and SSO2554, respectively (She et al+, 2001 )+ These genes encode proteins with 26 to 34% amino acid sequence identity to each other and have similar lengths, mass, and isoelectric points+ Northern blot analysis using riboprobes derived from each of the coding sequences indicated that only one, gln1, encoded an mRNA produced in sufficient quantity to allow its detection under the growth conditions employed+ Conditions of nitrogen sufficiency and deficiency wait to be determined for this organism; therefore, it remains possible that the other paralogs do produce detectable transcripts but are synthesized under conditions distinct from those of gln1+ The third set of paralogous genes were represented by dhg1, encoding one of three paralogs of glucose dehydrogenase+ This enzyme catalyzes the first committed step in a modified Entner Doudoroff pathway for glucose catabolism, producing gluconic acid in an NADHdependent reaction (Danson & Hough, 1992 )+ Other genes in this survey included the iron-dependent superoxide dismutase, sod (Ursby et al+, 1999) , which produces an activity involved in maintaining proper levels of oxygen free radicals+ The cytoplasmic alpha-glucosidase (malA) catalyzes hydrolysis of exogenous glucose polymers (Rolfsmeier & Blum, 1995; Rolfsmeier et al+, 1998) , and was used to represent secondary metabolism+
The archaeal RNAP can transcribe DNA at alkaline pH and high temperature without undergoing specific initiation at promoter sequences (Zillig et al+, 1979 )+ This activity is sensitive to heparin and actinomycin D and resistant to specific inhibitors of the bacterial RNAP such as rifampicin and streptolydigin (Sippel & Hartmann, 1968 )+ The studies reported here extend these earlier data to show that lacS promoter-dependent transcription exhibits similar responses to actinomycin D and rifampicin+ In addition, other compounds that block eukaryal transcription, including chromomycin and distamycin (Orfeo et al+, 1999), 1-10 phenanthroline (Logan et al+, 1989) , mithramycin (Mazumder et al+, 1994) , and daunorubicin (Kriebardis et al+, 1987) , were tested for utility in the optimized S. solfataricus in vitro transcription system+ All these compounds form a complex with DNA and either prevent the binding of RNAP or promote its displacement from the promoter, and all were found to be effective in vitro inhibitors of transcription of the lacSp using the S. solfataricus system+ Novobiocin, in contrast, which has been shown to block initiation of transcription directed by eukaryal RNAP I, II, and III on linear templates (Webb et al+, 1987) , had no effect on transcription of lacSp in vitro+ The availability of a specific method for measuring mRNA half-life in S. solfataricus will enable future studies directed towards elucidating the mechanism of mRNA degradation in this member of the archaea+ The finding of prolonged mRNA turnover in archaeachemical half-lives for several S. solfataricus mRNAs suggests this organism may employ alternative mechanisms for the regulation of gene expression and mRNA degradation+
MATERIALS AND METHODS
Archaeal strains and cultivation
S. solfataricus, strain 98/2, was grown at 80 8C in batch culture as described previously (Rolfsmeier & Blum, 1995)+ The basal salts medium of Allen (1959) as modified by Brock et al+ (1972) , supplemented with sucrose 0+2% (w/v) as the sole carbon and energy source, was used for studies on mRNA levels and stability+ Tryptone (0+2%) supplementation of this medium was used for preparation of cell extracts for in vitro transcription+ Growth was monitored at a wavelength of 540 nm using a Cary 50 Bio, UV-visible spectrophotometer (Varian)+ Cell-free extracts and RNA samples were prepared from 0+5-L cultures harvested at the indicated times+
Uracil incorporation
Cultures were grown to early exponential phase equivalent to a cell density of 6+8 ϫ 10 7 cells/mL (OD 540 ϭ 0+17) and 0+25-mL volumes were transferred to capped polypropylene microcentrifuge tubes and equilibrated for 5 min at 75 8C+ Radiolabeled uracil [5,6- 3 H, 33+1 Ci/mmol; NEN) was added to a final concentration of 105 mCi/mL+ An optimal ratio of radiolabeled uracil to cells sufficient to ensure the time-linear synthesis of RNA over a 3-h period was found to be 189 mCi/10 8 cells+ Tubes were inverted at 10-min intervals to aerate the cells+ Samples (10 mL) were collected in duplicate at the indicated times and transferred to tubes containing 0+5-mL volumes of unlabeled cells (4 ϫ 10 8 cells/mL), added to promote centrifugal recovery of TCA precipitates+ Cold 50% (w/v) TCA was added to each sample to a final TCA concentration of 11+5% (w/v)+ After 5 min on ice, the samples were centrifuged at 15,000 ϫ g, and the supernatant was discarded+ The pellet was resuspended in 25 mL of TE and radioactivity was measured in an LS 1701 Liquid Scintillation System (Beckman) using an open window+ Radiolabeled uracil was added 10 min after addition of actinomycin D+
Molecular biology methods
Recombinant molecular biology procedures for DNA cloning, PCR, and plasmid transformation were performed as described (Rockabrand et al+, 1998; Haseltine et al+, 1999a )+ DNA sequencing was as described (Rolfsmeier et al+, 1998 )+ DNA and RNA concentrations were measured using either a DyNA Quant 200 fluorometer (Hoefer) or a UV-visible spectrophotometer Genesys 2 (Spectronics)+ All manipulations of RNA were as described (Haseltine et al+, 1999b )+ Protein concentrations were measured using the BCA Protein Assay Reagent Kit (Pierce)+ Unless otherwise indicated, all chemicals were obtained from common chemical suppliers+ Plasmid DNA inserts were sequenced using the T7 Sequenase version 2+0 DNA sequencing kit (Amersham) following the instructions of the manufacturer+ The primer 59-CCCTGGTG TTCCCATTTCTGATTGAAATCC was used to generate the sequencing ladder for mapping the start site of transcription of lacSp+ cDNA samples originating from the in vitro transcription reactions and DNA sequencing reaction products were separated on preequilibrated 8% (w/v) denaturing polyacrylamide sequencing gels as described (Rolfsmeier et al+, 1998 )+
In vitro transcription
Cell-free extracts were prepared as described (Hudepohl et al+, 1990) with modifications+ Improved lacSp transcription was obtained using extracts from cells harvested in mid-exponential phase followed by resuspension in an alternative in vitro transcription buffer (IVTB; 50 mM MES, pH 6, 15 mM MgCl 2 , 1 mM EDTA, 1 mM DTT)+ Typical extracts had protein concentrations of 10-20 mg/mL and were processed and stored as described (Hudepohl et al+, 1990 )+ These extracts retained potency for up to 4 months+ In vitro transcription templates consisted of linearized S. solfataricus promoters cloned in pUC19+ The lacSp template consisted of a 220 pb PCR product obtained with primers 59-GGATCCCAATACCTAGGAG GAGTAGC and 59-GGCCTGGGAGCATGCAAACCTAAAGC inserted at the BamHI and SphI sites+ The lacSp in vitro promoter template was linearized by digestion with Afl III+ In vitro transcription reaction mixtures contained 0+2 mM rATP, 0+1 mM each of rCTP, rGTP, and rUTP, a volume of cell extract corresponding to 100-200 mg of total protein, 0+4 mg linearized promoter template in a final volume of 50 mL adjusted with DEPC-treated water and either IVTB or the buffer employed previously (Hudepohl et al+, 1990 )+ Reactions were initiated by cell extract addition, incubated for 10 min, chilled on ice, adjusted to 25 mM EDTA, pH 8, 0+5 mg/mL yeast tRNA, and extracted three times with equal volumes of phenol:chloroform+ Transcription products were recovered by ethanol precipitation and template DNA was removed by treatment with 20 U of DNAse I (Pharmacia) at room temperature for 0+5 h followed by adjustment to 25 mM EDTA and extraction with equal volumes of phenol:chloroform and chloroform:isoamyl alcohol+ The RNA was recovered by ethanol precipitation, lyophilized, resuspended in DEPC-treated water, and stored at Ϫ80 8C+
Primer extension analysis
In vitro transcription products were primer extended using the primer 59-AGCGGATAACAATTTCACACAGGAAACAGC, which is complementary to the vector and provides a common 59 cDNA end+ Primer extension oligonucleotides were labeled at the 59 end with [g-32 P]-ATP using T4 polynucleotide kinase (NEB) as described (Triezenberg, 1992 )+ The labeling reaction was terminated by EDTA addition followed by heating at 65 8C+ The labeled primer was purified using a Sep-pak cartridge (Waters), dried, and resuspended in 10 mL 10 mM Tris-Cl, pH 8+0, 1 mM EDTA+ A typical reaction yielded 10 mL of 10 6 cpm/mL labeled oligo, and 1 mL of this oligo was used for each reverse transcription reaction+ Reverse transcription was as described (Triezenberg, 1992) with modifications+ In vitro transcribed RNA was resuspended in 150 mM potassium chloride, 10 mM Tris-Cl, pH 8+3, and 1 mM EDTA, combined with 10 6 cpm of labeled primer extension primer, heated at 65 8C for 90 min and cooled to allow primer an-1134 E. Bini et al.
nealing+ The mixture was adjusted to 20 mM Tris-Cl, pH 8+3, 10 mM MgCl 2 , 0+5 mM DTT, 0+15 mg/mL actinomycin D, 0+15 mM dNTPs, and 0+33 mL of AMV reverse transcriptase (Pharmacia) was added+ The reaction was incubated for 1 h at 42 8C and terminated by adjustment to 17+5 ng/mL salmon sperm DNA, 14 ng/mL RNase A with incubation for 15 min at 37 8C+ The reaction was extracted with phenol:chloroform and primer extended DNA was recovered by ethanol precipitation, dried, and resuspended in the Stop Solution of the T7 Sequenase version 2+0 DNA sequencing kit (Amersham)+
Screening of transcription inhibitors
Stock solutions of the inhibitors were: chromomycin, 20 mg/mL in ethanol; actinomycin D, 1 mg/mL in 50% ethanol; distamycin, 20 mg/mL in ethanol; 1-10 phenanthrolin, 100 mg/mL in ethanol; rifampicin, 50 mg/mL in chloroform; mithramycin, 10 mg/mL in methanol; daunorubicin, 10 mg/mL in water; and novobiocin, 10 mg/mL in water+ Inhibitors were added to the in vitro transcription reactions in the amounts indicated; addition of solvents alone had no effect on the in vitro reaction+ Preincubation of transcription inhibitors to assess thermal and acid stability was conducted at the following inhibitor concentrations: chromomycin, 5 mg/mL; actinomycin D, 0+5 mg/mL; distamycin, 2+5 mg/mL; 1-10 phenanthroline, 50 mg/ mL; mithramycin, 5 mg/mL; and daunorubicin, 5 mg/mL+
Northern blot analysis
Northern hybridization analysis using antisense riboprobes was performed as described (Haseltine et al+, 1999a)+ RNAs were detected by autoradiography on X-OMAT AR film (Kodak)+ Digital images were acquired using a Gel Documentation System GDS7600 (UVP)+ Scanning densitometry of the images was performed using GelBase-Pro software (UVP)+ Most riboprobes were prepared using PCR-amplified segments of the selected genes from genomic DNA of S. solfataricus strain 98/2 identified by ORF number (She et al+, 2001 ) and cloned into plasmid pT7T3/18U (Pharmacia)+ The gln1 construct was obtained from SSO0336 with primers 59-TTGTAGATACTGCAGACAAGGTCCAAACTTTG and 59-CTCATCTATCTAAAGCTTCATTTAATGATCTAGG, and the 602-nt product was cloned as a Pst I-HindIII fragment+ The sod construct was obtained from SSO0316, with primers 59-ATTACCCTACAATCTAGATGCATTAGAACC and 59-TAC ATTCCACCAAGCTTTAACGTAATCAGC, and the resulting 520-bp product was cloned as an XbaI-HindIII fragment+ The 7S RNA was amplified from SSO0316 with the primers 59-CCTTTATCAATACTCTTAAAAATAATAAGG and 59-TCAC TCTGGCTGTTGACCAGCGAACGCTGG, and the 306-bp product was blunt cloned at the HincII site+ The dhg1 construct was comprised of a 460-bp BamHI-EcoRI internal fragment subcloned as such from the full-length cloned copy of the gene+ The malA probe was as described (Rolfsmeier et al+, 1998)+ The tfb1 construct was amplified from SSO0446 using primers 59-TTTGTCTAGAGAAAATAAATCCGTATCC and 59-TAATAGTCTAAAGCTTCTCGCTACTTCC, and the resulting 590-bp product cloned as a XbaI and HindIII fragment+ The tfb2 probe was obtained from SSO0946 with primers 59-AGCTCAAATCTAGAATTGCCAGAACATGTC and 59-AG AAGCTTCGGTAATATCTAATGAATCTGC, and the 480-bp product cloned as a XbaI-HindIII site+ The composition of all inserts were verified by DNA sequencing+ For use in riboprobe synthesis, plasmids were linearized by digestion with either HindIII (7S rRNA), EcoRI (sod ), SmaI (gln1, tfb1, tfb2), XbaI (dhg1), or SacI (malA)+ T3 RNA polymerase (sod, gln1, tfb1, tfb2, malA) or T7 RNA polymerase (7S RNA, dhg1) were used for transcription from the appropriate promoter following the manufacturer's instructions to produce a 32 Plabeled antisense RNA+
